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The  removal  of  tetracycline  hydrochloride  (TCH)  from  aqueous  solutions  with  a novel  photocatalyst,
polypyrrole  coated  iron-doped  titania  polymerised  with  itaconic  acid [poly(IA)-(Fe–TiO2–PPy)]  was
investigated  in  a batch  system.  All  the prepared  samples  were  characterized  using  scanning  electron
microscopy  (SEM),  Transmission  electron  microscopy  (TEM),  X-ray  diffraction  (XRD),  Fourier  transform
infrared  spectroscopy  (FT-IR)  and  Diffuse  reﬂectance  spectroscopy  (DRS)  techniques.  The effects  of  pH,
contact  time,  adsorbent  dose  and  ionic  strength  on the  adsorption  of TCH  onto  poly(IA)-(Fe–TiO2–PPy)
were  investigated.  The  kinetic  data  were  found  to follow  pseudo-second-order  kinetic  model.  The  equi-
librium  adsorption  data  were  ﬁtted  to  Langmuir  isotherm  model,  with  maximum  adsorption  capacity
149.25  mg/g.  Swelling  capacity  of the adsorbent  relative  to  pH and  time  were  also  investigated.  Theolypyrrole
etracycline hydrochloride
photodegradation  kinetics  of  TCH  by the  photocatalyst  was found  to follow  Langmuir–Hinshelwood
mechanism  of ﬁrst-order  kinetics.  Regeneration  experiments  and  repeated  use  of adsorbent  were  tried
for four  cycles.  From  the  results,  it can be concluded  that the  prepared  poly(IA)-(Fe–TiO2–PPy) could  be
an  efﬁcient  adsorbent-cum-photocatalyst  for the  degradation  of TCH form  aqueous  solutions  under  solar
light.
© 2015  Published  by Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license. Introduction
The tetracycline antibiotics, widely used for human therapy
nd livestock industry, both as growth promoter and veterinary
edicine due to their great therapeutic values constitute one of
he most important antibiotic families ranking second in produc-
ion and worldwide usage (Kummerer, 2009; Levy, 2002). But it
as been found that about 70–90% of the administered dose of
etracycline (TC) is excreted by means of urine and faeces, leading
ltimately its presence in surface water and ground water (Nebot
t al., 2007; Reif et al., 2008). Another reason for the presence
f veterinary antibiotics in aquatic stream is the direct release of
ntibiotics in aquaculture. Similarly improper disposal of expired
rugs or unused drugs into the sewage network or deposited in
andﬁlls, waste efﬂuents from manufacture or accidental spills
uring manufacture or distribution can also be considered as the
easons for pollution (Diaz-Cruez et al., 2003; Mompleat et al.,
009; Homem and Santos, 2011). These antibiotics can be consid-
∗ Corresponding author. Fax: +91 471 2307158.
E-mail address: tsani@rediffmail.com (A. Thayyath S.).
ttp://dx.doi.org/10.1016/j.enmm.2015.10.001
215-1532/© 2015 Published by Elsevier B.V. This is an open access article under the CC B(http://creativecommons.org/licenses/by-nc-nd/4.0/).
ered as potential micro pollutants due to their biological activity
(Halling-Sorenson et al., 1998). The presence of antibiotics in the
environment may  cause the development of antibiotic-resistant
bacteria (Witte, 2000), and induce undesirable biological responses
in various types of organisms (Shai et al., 2011; Zhao et al., 2011).
Hence the removal of these antibiotics need considerable attention
to discourage the widespread development of antibiotic resistant
bacteria and hence the consequences.
Several methods have been adopted so far for the removal
of antibiotics from aqueous solution and the used conventional
methods include the biological processes, ﬁltration and coagu-
lation/ﬂocculation/sedimentation (Stackelberg et al., 2007; Vieno
et al., 2007; Arikan, 2008). Adsorption, membrane processes and
oxidation are also used for the removal of antibiotics. Among
them, adsorption is found to be the most efﬁcient and economi-
cal process. But adsorption process will cause secondary pollution
because adsorbent with organic pollutant creating safe disposal
problems. But to increase the effective treatment of antibiotic
removal, it is necessary to study the importance of integration of
various processes used. Thus adsorption combined with advanced
oxidation process (AOP) has been widely used now days for the
removal of toxic contaminants which avoids the inconvenience
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ue to secondary pollution caused by adsorption alone. Sev-
ral workers combined adsorption and photodegradation for the
emoval of organic pollutants. Zhao et al. (2014) used TiO2/5A
eolite composite system for the adsorptional photodegradation
f oxytetracycline in aqueous solution. Liang et al. (2012) used
D nanosheet photocatalyst SnNb2O6 for the molecular recog-
itive photocatalytic degradation of cationic pollutants, through
dsorptional photocatalysis. Xu et al. (2014) used BiOBr/Na- mont-
orillonite composite for the adsorptional photodegradation of
hodamine B under visible light irradiation.
AOP’s is based on generation of intermediate radicals, the
ydroxyl radicals (OH•) which are extremely reactive and less
elective. This process consists of ozonation, Fenton and Photo Fen-
on, photolysis, semiconductor photocatalysts and electrochemical
rocesses. Among these, AOP’s using semiconductor photocatalysis
s of great importance now a day, the basic equipments for this pro-
ess are a catalytic photosensitive surface, a photon energy source
nd a suitable oxidizing agent (Klauson et al., 2010; Palaminos et al.,
008). TiO2 based semiconductor photocatalysis is widely used due
o its photochemical stability, its intrinsic photoelectric property
nd tunability, optical electronic properties, low cost, low toxicity,
ase of handle and easy availability (Fujishima et al., 2005; Caratto
t al., 2012; Kapilashrami et al., 2014). Due to two important aspects
iO2 cannot be used for practical applications. First one is the fast
ecombination rate of photo-generated electrons and holes causing
ow quantum efﬁciency and the second one is that TiO2 can only
e activated by UV light due to its large band gap so that it can
ake use of only 3–5% of solar spectrum that reaches earth (Litter,
999). There are three ways to overcome the limitations of TiO2.
hey are (1) modify TiO2 surface with doping of noble metals/metal
ons/anions and synthesis of reduced form of TiO2 photocatalyst
Choi et al., 1994) or preparation of composite materials (Maraschi
t al., 2014) (2) couple TiO2 with another semiconductor having a
avourable band gap (3) Dope TiO2 with transition metals (Wang
t al., 2003).
By comparing all other alternatives, transition metal ions espe-
ially Fe(III) dopants has more advantage as this ion ﬁts easily
nto the titanium dioxide lattice due to similarity in ionic radius
etween titanium(IV) (0.745 A◦) and that of Fe(III) (0.69 A◦) (Zhang
t al., 2006). Besides, iron can act as both hole and electron traps
nd as recombination centres for the electron-hole pairs if ion con-
entrations are large (Zhu et al., 2004). Coating of TiO2 surface
ith conductive polymers like polypyrrole, polyaniline, polythio-
hene having extended -conjugated electron systems or their
erivatives results in photocatalytic activity in the visible-light
egion. This is because these polymers can act as stable photo-
ensitizers injecting electrons into the conduction band of TiO2.
hese polymers have high absorption coefﬁcients in the visible
art of the spectrum, high mobility of charge carriers, excel-
ent stability and biocompatibility (Liang and Li, 2009; Weng and
i, 2008; Dimitrijevic et al., 2013). Several workers have used
olypyrrole (PPy) coated TiO2 (PPy–TiO2) for photocatalytic degra-
ation. Li et al. (2014) prepared porous PPy–TiO2 composites
nd investigated visible light photoactivity and the mechanism.
eng et al. (2012) studied the photocatalytic activity of conduc-
ive PPy–TiO2 nanocomposite for the photocatalytic degradation of
ethyl orange. Polypyrrole- sensitized TiO2 layer on ﬂy ash ceno-
phere was used for the photodegradation of methylene blue by
ang et al. (2012). PPy–TiO2 lacks speciﬁc chemical functionality
n its surface. The presence of suitable functional groups on the
urface of PPy–TiO2 helps in anchoring organic molecules on the
urface of photocatalyst leading to successful photodegradation.
or this purpose, grafting of functionalized alkene with reactive
roups on the surface of pyrrole followed by UV induced polymer-
zation has been done by Lisboa et al. (2005). Monitoring & Management 4 (2015) 106–117 107
Liu et al. prepared Cl–TiO2 photocatalyst via microwave
assisted synthesis for the photocatalytic degradation of tetracycline
hydrochloride via molecular imprinted technology using 4-vinyl
pyridine as functional monomer. Smart hydrogels prepared from
grafting of hydrophilic functional moieties on the surface of TiO2
alter the properties of entire photocatalyst and it helps in the
adsorption of many pollutants with fast response. Besides these,
TiO2 based hydrogels possessing different functional groups have
good regeneration ability allowing it’s repeated use or applica-
tion in a continuous treatment process (Senkal and Yavuz, 2006;
Hashem et al., 2007; Kangwansupamonkon et al., 2010). Yun et al.
(2011) prepared pH sensitive TiO2/poly(vinyl alcohol)/poly(acrylic
acid) composite hydrogels and studied its photodegradation abil-
ity towards Coomassie brilliant blue-R-250. Kangwansupamonkon
et al. (2010) prepared TiO2/poly(acrylamide-co-(acrylic acid)) com-
posite for the degradation of methylene blue.
Grafting of itaconic acid (IA) onto the TiO2–PPy surface produces
photocatalyst with hydrophilic character. Several workers used
IA based hydrogels for adsorption processes. Milosavljevic et al.
(2011) used hydrogel based on IA, chitosan and methacrylic acid
pH sensitive hydrogel for the sorption of zinc metal. Poly(N-vinyl-
2-pyrrolidone)/itaconic acid hydrogels were used by Tumturk et al.
(1999) for the adsorption of -amylase.
In the present work, Fe doped TiO2 is prepared, followed by
coating with polypyrrole using FeCl3 as oxidizing agent. Then
functionalization of Fe–TiO2–PPy was done using IA through UV
induced polymerization. The so prepared photocatalyst combines
the advantages of both metal doping and conductive polymer coat-
ing so that absorption maximum extends to UV–visible region.
Besides, presence of COOH functionality on its surface (due to
IA grafting) enhances the pH sensitive adsorption of organic pollu-
tants on the surface of photocatalyst, thereby giving fast response
to photodegradation process.
2. Experimental
2.1. Materials
Titanium isopropoxide (97.0%) and Fe(NO3)3·9H2O were pur-
chased from Sigma–Aldrich (W.I), USA and were used without
further puriﬁcation. Reagent grade IA, FeCl3·9H2O, TCH, pyrrole
(98%), FeCl3·6H2O (97%) were purchased from Merck, India and
used without further puriﬁcation.
2.2. Preparation of photocatalyst
2.2.1. Preparation of Fe-doped titania (Fe–TiO2)
Hydrated iron nitrate (1.0 g) and titanium isopropoxide (25 mL)
were dissolved in a mixture of ethanol and distilled water (5:1) and
mixed thoroughly, then adjusted the pH of the solution (3.0–4.0)
using nitric acid and the solution was  kept for 12 h at room temper-
ature till a gel like substance is formed, dried at 80 ◦C, followed by
powdering and annealing (400 ◦C, 4 h) to obtain Fe–TiO2 (Mahshid
et al., 2007).
2.2.2. Preparation of PPy coated iron-doped-titania
(Fe–TiO2–PPy)
Fe–TiO2 particles were suspended in 100 mL  0.01 N aqueous
solution of HCl and sonicated for 30 min  followed by addition of
2 mL  pyrrole solution to this mixture at a temperature less than 5 ◦C
with constant stirring. After 20 min  added 10 mL  aqueous solution
of FeCl3·6H2O dissolved in 10 mL  HCl (0.01 N) to the above cooled
mixture dropwise for 1 h. Thereafter, the mixture was allowed to
react for 4 h at room temperature, followed by ﬁltration and drying
after 24 h (Katarzyna et al., 2007).
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.2.3. Preparation of poly(IA)-(Fe–TiO2–PPy)
Here the polymerization was carried out in presence of UV light
aving intensity 1.65 × 106 photons/s/cm3 by using Rayonet UV
eactor (model RPR-100) instrument. Fe–TiO2–PPy was immersed
n 5% aqueous solution of IA contained in a UV transparent quartz
ube and the solution was degassed by nitrogen bubbling before
rafting process for 1 h. Then the solution was exposed to UV radi-
tion for 1 h with continuous nitrogen bubbling. After this process,
he residual monomer was removed by washing at 50 ◦C using dis-
illed water for 48 h (Lisboa et al., 2005).
.3. Characterization
Infrared spectra were recorded with a Schimadzu FT-IR spec-
rometer in the wavelength range 400–4000 cm−1 using a KBr
indow at a resolution of 4 cm−1. The surface morphology of the
amples was taken using scanning electron microscopy analysis
ith Philips XL 30CP microscope. TEM analysis was done using a
EOL 200CX transmission electron microscope. The XRD patterns of
ll the samples were taken on an X’pert Pro X-ray diffractometer
sing Cu k radiation ( = 1.5406 A◦). TCH concentration in aqueous
olution was determined using JASCO-UV–vis (model V-530, India)
pectrophotometer. The pH measurements were carried out using
ystronic model  pH system 361-pH meter. Adsorption experi-
ents were carried out using a temperature controlled waterbath
haker (Labline India) with temperature variation of ±1 ◦C. Diffuse
eﬂectance spectroscopy analysis was carried out using Schimadzu
V-2450 spectrophotometer. Batch potentiometric titration pro-
edure was employed to determine the surface charge [Zero point
harge (pHzpc)] of the ﬁnal photocatalyst using two different initial
oncentrations (0.1 and 0.01 N) of NaCl solutions (Katarzyna et al.,
007). From the plot of 0 versus system pH the pHzpc was  deter-
ined. 0 is calculated from the potentiometric titration curves
sing the equation:
0 =
F
(
CA − CB +
[
OH−
]
−
[
H+
])
A
(1)
here F is the Faraday constant, CA is the concentration of acid
HCl) added at a given point of titration and CB is the concentrations
f base added before the titration. Free hydroxide and hydronium
on concentrations as deduced from pH readings are represented
s [OH−] and [H+]. A is the speciﬁc surface area of the suspension
urface (cm2/L). The amount of free carboxyl ( COOH) groups were
stimated using Boehm titration. Brieﬂy, about 0.15 g of powdered
dsorbent was shaken with 30 mL  NaHCO3 for 20 h, and ﬁltered. An
liquot of the ﬁltrate was mixed with excess of 0.05 M HCl and the
O2 gas formed was boiled off and back titrated with 0.05 M NaOH
Hamadanian et al., 2011). The amount of carboxylic acid groups
as estimated using the equation:
OOH
(
meq/g
)
=
(
CNaOH × VNaOH × CHCl × VHCl
W
)
(2)
here C is the concentration of HCl or NaOH (M), W is the weight
f the adsorbent (g), and V is the volume of HCl or NaOH solution
sed (mL).
.4. Swelling studies
Swelling studies were carried out at different pH and time. For
easuring the swelling ability with time, a weighed quantity of
ry adsorbent (w1) was put into a weighed teabag and immersed
n a solution of neutral pH at 30 ◦C and allowed to soak at pre-
etermined time intervals upto 24 h. After each interval, the tea
ag containing sample was  withdrawn and allowed to drain and
eighed (w2). The variation of swelling capacity with respect to Monitoring & Management 4 (2015) 106–117
different pH was  determined by adopting similar experimental pro-
cedure at different pH solutions. The swelling% was  calculated using
the following equation:
Degree of swelling (%) = w2 − w1
w1
× 100 (3)
2.5. Adsorption experiments
The stock solution of TCH was  prepared by dissolving 1000 mg
of TCH in 1 L double distilled water. Experimental solutions of TCH
having known initial concentrations were prepared by appropri-
ately diluting the stock solution. Batch adsorption experiments
were carried out using 0.1 g of the adsorbent with 50 mL of TCH
solutions in 100 mL  Erlenmeyer ﬂasks of which concentration, pH
and temperature have already been known. The contents were
shaken at 200 rpm in temperature controlled water bath ﬂask
shaker (Labline, India). The dependence of pH was investigated
using TCH solutions of pH ranging from 2.0 to 12.0 (pH adjusted
using 0.01 M NaOH and 0.01 M HCl). After a particular time period,
the supernatant solutions were ﬁltered and the concentration
of TCH was  determined spectrophotometrically at 276 nm. The
amount of adsorbed TCH was  calculated from the mass balance
equation given by:
qt = (C0 − Ct)m v (4)
Drug removal (%) = C0 − Ct
C0
× 100 (5)
where C0 is the initial concentration of TCH (mol/L), Ct (mol/L) is
the initial concentration of TCH at a predetermined time t, v is the
volume of the solution (L), and m is the mass of the composite
hydrogel (g). The adsorption capacities of the samples were also
calculated. Batch adsorption experiments were also conducted to
investigate the effect of pH, ionic strength, adsorbent dose and time
on the adsorption capacity of poly-(IA)-(Fe–TiO2–PPy) for TCH in
dark. The adsorption capacities of the starting material and the
intermediate compounds were also tested using TCH solution of
known concentration.
2.6. Photocatalytic degradation of TCH
Photocatalytic degradation experiments were carried out in an
open place between 12.00 and 1.00 noon where direct exposure of
sunlight is possible using 0.500 g/L of TCH solution. Experiments
were performed by shaking a known amount of adsorbent (2.0 g/L)
and the solutions in 250 mL  Erlenmeyer ﬂasks in a water bath
shaker at 200 rpm and room temperature (30 ◦C). pH of the solution
was adjusted using 0.01 M NaOH and 0.01 M HCl. Adsorption exper-
iments were carried out in dark for 180 min  to obtain equilibrium
adsorption of TCH onto the photocatalyst. The concentration of TCH
was measured spectrophotometrically at 276 nm,  which is consid-
ered as C0 (mg/L) at t = 0 for photocatalytic degradation experiment.
After this the adsorbent containing solution was exposed to sun-
light in a wide vessel having speciﬁc surface area and solutions were
withdrawn at different time intervals. Each sample was then spec-
trophotometrically analyzed. The percentage degradation of drug
from the solution was  calculated using the equation:
Degradation (%) = 100 − (C0 − Ct)
C0
× 100 (6)
The effect of solution pH and presence of inorganic ions on the
photodegradation efﬁciency of the photocatalyst were tested.
Experiments were also carried out using four different concen-
trations of TCH solution (0.050–0.150 g/L) to ﬁnd out the relation
between the extent of adsorption and photocatalytic reaction rate.
A. Thayyath S. et al. / Environmental Nanotechnology,
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(Fe–TiO2–PPy) and TCH-poly-(IA)-(Fe–TiO2–PPy) were taken (S3).
From the XRD analysis it is clear that the crystalline phase of TiOScheme 1. Preparation of poly(IA)-(Fe–TiO2–PPy).
.7. Regeneration and recyclability of the adsorbent
Continuous batch operations, degradation and regeneration
xperiments were conducted to check the viability of poly-(IA)-
Fe–TiO2–PPy). TCH loaded (0.050 g/L) photocatalyst was exposed
o sunlight and the amount of TCH degraded was found out spec-
rophotometrically. The photocatalyst was then washed with dis-
illed water and dried. Consecutive adsorption–photodegradation
ycles were repeated four times with the same adsorbent to deter-
ine its reusability. The adsorption-degradation capability of the
dsorbent was analyzed and plotted in a graph.
Three measurements were made for each sample and the results
ere averaged. The maximum variation with batch adsorption data
mong triplicate values was less than 3.0%. The values of isotherm
nd kinetic parameters were determined by a nonlinear regression
nalysis using ORIGIN programme (version 8.0).
. Results and discussion
.1. Preparation of the adsorbent
The schematic illustration for the preparation of photocatalyst is
iven in Scheme 1. The preparation was done in three steps, ﬁrstly,
e- doped titania was prepared so that the iron species can enter
he tetrahedral voids of TiO2 lattice because of the similar ionic
adii of Fe(III) and Ti(IV). In the second stage, PPy was coated on
ts surface using FeCl3 as oxidising agent in presence of HCl giving
omewhat amorphous nature to the material which is evident from
RD pattern. The Fe doping and PPy coating changed the absorption
axima of the maerial towards visible region. In the ﬁnal step, the
oated material is polymerised using IA in the presence of UV light
rradiation having intensity 1.65 × 106 photons/s/cm3 for 1 h. The
hotopolymerization process gives adsorbent-cum-photocatalyst.
hus the presence of hydrophilic COOH groups enable the mate-
ial for the effective adsorption of TCH molecules. Besides the
dsorbent act as a hydrogel due to the presence of hydrophilic func-
ionalities on the surface, a property needed by the adsorbent to
ct as good photocatalyst. The pHzpc was found to be 3.9 which
ndicate that the surface of photocatalyst is negative above 3.9 and
ositive below 3.9 (S1). The amount of carboxyl groups in poly-
IA)-(Fe–TiO2–PPy) was  estimated to be 1.48 meq/g which was an
vidence for proper grafting of IA onto Fe–TiO2–PPy. Monitoring & Management 4 (2015) 106–117 109
3.2. Characterization of adsorbent cum photocatalyst
Fig. 1(a) shows the SEM images of pure TiO2, Fe–TiO2,
Fe–TiO2–PPy, poly-(IA)-(Fe–TiO2–PPy), TCH-poly-(IA)-
(Fe–TiO2–PPy) and d-TCH-poly-(IA)-(Fe–TiO2–PPy). Surface of
Fe–TiO2 appears to be uniform throughout showing roughness
and agglomeration with high surface area favouring further
modiﬁcation with other reactants (Hamadanian et al., 2011). After
coating with PPy, the surface appears to have grain like appearance
with size of about 120 nm having large surface area (Deng et al.,
2012); enabling further polymerization with IA. The SEM images of
poly-(IA)-(Fe–TiO2–PPy) found to have layer like appearance with
a different morphology due to the presence of polymerized IA on
its surface. The surface of TCH-poly-(IA)-(Fe–TiO2–PPy) was found
to be uniform throughout, showing the successful adsorption of
TCH. SEM images of photocatalyst after degradation was found to
have almost same morphology as that of poly-(IA)-(Fe–TiO2–PPy)
indicating that the photocatalyst is devoid of any damage after
photodegradation of TCH loaded on it, so that it can be used for
further photodegradation process.
The TEM images are given in Fig. 1(b). The TEM image of Fe–TiO2
shows spherical shape black coloured particles and that of pho-
tocatalyst shows spherical particles with 20 nm size in which the
iron particles were surrounded by polymer coating. The larger par-
ticles present in TEM image of poly-(IA)-(Fe–TiO2–PPy) shows the
presence of agglomerated poly-(IA)-(Fe–TiO2–PPy)particles.
The incorporation of pigment in the polymeric material is con-
ﬁrmed by taking EDAX pattern of the samples (S2). The elements
present in all the samples are Ti, Al, Si and Na. Presence of Ti in
the polymer indicates that Ti is present inside the PPy layer. The
presence of C and N indicates the presence of IA and PPy.
Fig. 2 shows the FT-IR spectrum of pure TiO2, Fe–TiO2,
Fe–TiO2–PPy, poly-(IA)-(Fe–TiO2–PPy), TCH, TCH-poly-(IA)-
(Fe–TiO2–PPy) and d-TCH-poly-(IA)-(Fe-TiO2-PPy). FT-IR spectrum
of pure TiO2 shows a broad band centred at 500–600 cm−1 due to
the vibration of the Ti O bonds in the TiO2 lattice. Bands due to
the vibrations of hydroxyl group are present at 1620–1630 cm−1
and 3100–3600 cm−1 (broad peak). But in the spectrum of Fe–TiO2,
the intensity of peaks corresponding to OH vibrations is found to
be less intense due to successful Fe doping (Ganesh et al., 2012).
IR spectrum of Fe–TiO2–PPy shows peak around 1280 cm−1 which
is attributed to C N stretching vibration (Blinova et al., 2007)
and peak at 1536 cm−1 for antisymmetric PPy ring vibration. The
peak corresponding to N − H in plane deformation was found at
1041 cm−1. The band at 779 cm−1 and shoulder peak at 963 cm−1
verify the presence of polymerized pyrrole (Lu et al., 2005). In poly-
(IA)-(Fe–TiO2–PPy), the peak corresponding to N − H were absent
indicating the interaction between N atom of pyrrole and vinylic
groups of IA. The presence of peak at 1700 cm−1 corresponding to
>C O group conﬁrm the presence of IA on the surface of adsorbent.
All other characteristic peaks due to various functional groups are
retained in the sample with little modiﬁcations. In the spectrum of
pure TCH, characteristic peaks due to amide groups were present
at 1616 and 1579 cm−1. The peak at 1745 cm−1 correspond to C O
vibrations. In the TCH adsorbed photocatalyst, there occurs shift in
the peaks of amide groups of TCH indicating the strong interaction
between amide groups and the COOH groups present on the
surface of photocatalyst. In d-TCH-poly-(IA)-(Fe-TiO2-PPy), the
characteristic peaks of the polymer is retained with diminished
intensity indicating the stability of the polymer for use in repeated
cycles.
XRD patterns of pure TiO2, Fe–TiO2, Fe–TiO2–PPy, poly-(IA)-2
belongs to anatase type having peaks at 2 = 25.3◦, 37.9◦, 48.1◦
and 54.1◦ respectively for (1 0 1), (0 0 4), (2 0 0) and (1 0 5) planes
110 A. Thayyath S. et al. / Environmental Nanotechnology, Monitoring & Management 4 (2015) 106–117
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Fig. 1. (a) SEM images of (A)TiO2 (B)Fe-TiO2 (C)Fe–TiO2–PPy (D) poly(IA)-(Fe–TiO
eTiO2 and poly-(IA)-(Fe–TiO2–PPy).
Deng et al., 2012). The peak corresponding to Fe2O3 was not found
n Fe–TiO2 which may  be due to the insertion of Fe(III) ions into
he crystal lattice of TiO2 as both Fe(III) and Ti(IV) have similar
adii. But there occurs a reduction in the intensity of peaks cor-
esponding to TiO2, indicating the successful doping of Fe(III). In
e–TiO2–PPy, the characteristic peak of amorphous PPy was  found) (E)TCH-poly(IA)-(Fe–TiO2–PPy) (F) d-poly(IA)-(Fe–TiO2–PPy). (b) TEM images of
at 24.6◦ (Partch et al., 1991). In the XRD pattern of the photocat-
alyst, poly-(IA)-(Fe-–TiO2–PPy) all the characteristic peaks of TiO2
and PPy were retained, but a new peak appeared at 2 = 42◦ indicat-
ing the successful polymerization with IA. After TCH adsorption, the
sample becomes amorphous indicating successful loading of TCH
onto photocatalyst.
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Fig. 3 shows the DRS pattern of the prepared samples for
nvestigating the optical properties of these. From the ﬁgure it is
lear that the absorption of Fe–TiO2, Fe–TiO2–PPy and poly-(IA)-
Fe–TiO2–PPy) enhanced much more compared with bare TiO2.
he presence of Fe(III) species cause the enhancement of absorp-
ion maxima of Fe–TiO2. Presence of both Fe species and coating
f PPy cause the shift of absorption maxima to visible region in
)
%(
g
n ill
e
wS
0 50 100 150 200 250
0
100
200
300
400
500
600
)
%(
g
nill
e
wS
Time (min)
(a)
Fig. 4. Swelling behaviour of the adFig. 3. DRS spectra of TiO2, Fe-TiO2, Fe-TiO2-PPy and poly(IA)-(Fe–TiO2–PPy).
Fe–TiO2–PPy and poly-(IA)-(Fe–TiO2–PPy). The band gap energy
was calculated using the equation,
∝ hϑ = A
(
hϑ − Eg
)n/2
(7)
where hϑ is the photon energy in eV, Eg is the band gap energy and
A is the characteristic constant for the particular material. Eg val-
ues were obtained from the plot (S4) of (˛hϑ)2 vs photon energy
(hϑ). The band gap energy was found to be 3.15, 2.90, 2.4 and
2.2 eV for TiO2, Fe–TiO2, Fe–TiO2–PPy and poly-(IA)-(Fe–TiO2–PPy),
respectively. Here there is small difference in the band gap energies
between Fe-TiO2-PPy and poly-(IA)-(Fe–TiO2–PPy). The presence
of hydrophilic functional groups causes the effect. From this it is
clearly understood that each modiﬁcation has profound inﬂuence
upon the extension of absorption maxima towards visible region.
3.3. Swelling studies
Effect of pH and time on swelling capacity of the adsorbent was
investigated and found that as pH and time increased, swelling
percentage also increased (Fig. 4(a) and (b)). As time increased,
swelling percentage was  found to increase and reached maxi-
mum  within 120 min  due to the slow diffusion of water molecules
to the polymer net work. Under acidic conditions, most of the
carboxylate groups were in protonated state strengthening theshrinkage of polymer network (Wang and Wang, 2010). But when
pH increased, carboxylate group gets ionized causing repulsion
between negatively charged species. In order to avoid repulsion
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Fig. 5. Effect of pH on adsorption of TCH onto poly(IA)-(Fe-–TiO2–PPy).
etween similarly charged species, more water molecules enter
nto the polymer network enhancing swelling rate. At higher pH
alues there occurs charge screening effect by the presence of
xcess Na+ ions in the swelling media (Lanthong et al., 2006).
.4. Adsorption experiments
.4.1. Adsorbent dose effect
Batch experiments were conducted to study the effect of adsor-
ent dose on the adsorption of TCH from aqueous solution. The
xperiment was conducted using 50 mL  of 0.01 g/L of TCH solution
ith varying amount of the adsorbent. From the graph (S5) it is
lear that adsorption percentage of TCH increases as the amount of
dsorbent increases up to 2.0 g due to increased adsorption sites for
CH and surface area. Beyond that level, there is no further increase
n adsorption percentage. Sufﬁcient adsorption sites are available
n 2.0 g of the adsorbent for the complete adsorption of TCH from
queous solution (1 L).
.4.2. Optimization of pH
Fig. 5 presents the removal of TCH as a function of pH over the
ange 2.0–12.0 for the photocatalyst, poly(IA)-(Fe-TiO2-PPy). From
he graph, it is clear that maximum adsorption occurs at pH 5.0. But
here is a plateau region between pH 5.0 and 7.0, showing gradual
ecrease. This is due to the presence of zwitter ionic species of
CH at these pH ranges and also due to its interaction with nega-
ively charged adsorbent surface. Maximum adsorption was found
o be 98.4 and 96.8 % for 0.050 and 0.075 g/L, respectively at pH
.0. This maximum adsorption percentage obtained at this pH can
e explained on the basis of interaction between TCH molecules
nd the adsorbent surface. TCH molecule exists as cation below pH
.3. But between pH 3.3 and 7.7, TCH exists as a zwitter ion and
t higher pH (>7.7), TCH exists as either monovalent or divalent
nionic species (Kulshrestha et al., 2004). In the prepared photo-
atalyst, there is COOH groups from IA, having two different pKa
alues, 3.85 and 5.45. At pH 5, one COOH group gets ionized while
he other COOH group retained as such. So both electrostatic and
-bonding interactions are possible between TCH and photocat-
lyst, favouring higher adsorption. When pH is increased to 5.5,
oth COOH groups get ionized giving negative charge to the sur-
ace of the photocatalyst, but TCH exists in zwitter ionic form so
hat electrostatic attraction and hydrogen bonding effect is slightly
educed thereby decreasing adsorption. But as pH is increased to
.0, TCH and adsorbent exists as fully negatively charged species.
ence repulsion occur causing poor adsorption of TCH.Fig. 6. Effect of ionic concentration on adsorption of TCH onto poly(IA)-
(Fe–TiO2–PPy).
Experiments were also repeated using TiO2, Fe–TiO2,
Fe–TiO2–PPy using two  different initial concentrations (0.01
and 0.015 g/L) of TCH (data not shown). The results showed that
compared to all other intermediate species, the ﬁnal adsorbent
exhibits higher adsorption rate due to interactions between TCH
and adsorbent which was  absent in other species.
3.4.3. Effect of ionic strength
The effect of ionic strength on the adsorption of TCH onto
the photocatalyst was studied using NaCl and CaCl2 solutions
(Fig. 6). The results showed that the percentage of adsorption
decreased from 99.6 to 54.1% and 99.6 to 48.3% respectively when
the concentration of NaCl and CaCl2 solutions increased from 0.005
to 0.10 mol/L. This can be explained on the basis of interaction
between Na+ and Ca2+ ions with negatively charged adsorbent sur-
face. There occurs competition between Na+ and Ca2+ ions with that
of TCH cation for the adsorption sites present on the surface of pho-
tocatalyst. So adsorption percentage decreases in the presence of
other ions. The decreased adsorption capacity due to Ca2+ ions can
be explained on the basis of its small size relative to Na+ and also it
can mask two negative sites compared to Na+.
3.4.4. Effect of contact time and adsorption kinetics
Adsorption kinetics is an important physicochemical study for
ﬁnding the basic traits of a good adsorbent for its use in indus-
trial applications. The effect of contact time was studied using TCH
solutions ranging from 0.050 to 0.150 g/L at pH 5.0 and 30 ◦C (S6). It
was found that as time increases TCH adsorption also increases ini-
tially but then gradually approaches a more or less constant value
at equilibrium state. In the present study, equilibrium was attained
within 3 h. From the graph, it is clear that the equilibrium time was
independent of initial concentration of TCH. Two adsorption kinetic
models were used to verify the kinetic data obtained. They are
pseudo-ﬁrst-order adsorption and pseudo-second-order kinetic
equations developed by Lagergren and Ho and Mckay respectively.
qt = qe(1 − e−k2 )t (8)
t
qt
= 1
k2q2e
+ t
qe
(9)
qe and qt are the amounts of TCH adsorbed (mg/g) at equilib-
rium and at time ‘t’ respectively. k1 (min−1) and k2 (g mg−1 min−1)
are the rate constant of pseudo-ﬁrst-order and pseudo-second-
order kinetic models respectively. Non-linear regression analyses
were used to ﬁnd out the kinetic parameters and are listed in
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Table  1
Kinetic parameters for the adsorption of TCH onto poly(IA)-(Fe–TiO2–PPy).
Pseudo-ﬁrst-order Pseudo-second-order
Co(g/L) qe,exp (mg/g) k1 × 10−2 (min−1) qe, cal (mg/g) R2 2 k2 × 10−4 (g/mg/min) qe, cal (mg/g) R2 2
0.050 48.20 3.45 46.94 0.983 2.57 9.04 48.59 0.998 1.56
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0.100 90.10 3.17 86.63 0.9
0.150 132.60 1.44 131.83 0.9
able 1. The values of k1 and k2 are found to decrease from
.45 × 10−2 to 1.44 × 10−2 and 9.04 × 10−4 to 0.84 × 10−4, respec-
ively, in accordance with the increase in TCH concentration from
.050 to 0.150 g/L. From the table, it is clear that R2 values are closer
o unity and 2 has low values in the case of pseudo-second-order
inetic model. Besides the nearness of experimental qe values with
hat of theoretical qe values conﬁrm that the kinetic data suits well
ith pseudo-second-order.
.4.5. Adsorption isotherms
The adsorption isotherm studies are carried out to determine
he adsorption capacity of the material and also to diagnose the
ature of adsorption. The Langmuir and Freundlich isotherm mod-
ls were used to interpret the data obtained from isotherm studies.
he Langmuir isotherm model, which is based upon the assump-
ion of monolayer adsorption onto a surface having ﬁnite number
f adsorption sites of uniform energies of adsorption is governed
y the following equation:
e = Q
◦bCe
1 + bCe (10)
here Q◦ and b are the Langmuir adsorption constants related to
dsorption capacity and ‘b’ is the energy of adsorption.
The Freundlich isotherm model depicts the heterogeneous sur-
ace energies and is given by the expression:
e = kf Ce1/n (11)
here kf and 1/n  are the Freundlich adsorption constants related
o adsorption capacity and intensity of adsorption, respectively.
qe (mg/g) versus Ce (mg/L) plots for TCH adsorption onto the
olymer, poly(IA)-(Fe-TiO2-PPy) are given in Fig. 7. The better ﬁt
f experimental values with that of Langmuir model suggests the
niform adsorption sites on the surface of photocatalyst. From
he L-shape of the curve obtained we can conclude that the given
dsorption process refers to unimolecular layer coverage. The cal-
ulated values of Langmuir and Freundlich constants are given
n Table 2. Maximum adsorption capacity, Q◦ was found to be
49.25 mg/g at 30 ◦C. The value of ‘b’ was found to be 0.08 L/mg.
rom the table it can be seen that correlation coefﬁcient, R2 values
closer to unity) and chisquare (2) values (low value) are in good
greement with Langmuir isotherm model..4.6. Thermodynamic parameters
Isotherm studies were held at different temperatures to ﬁnd out
he effect of temperature on the adsorption process. The results
howed that higher temperature favoured the adsorption of TCH
able 2
sotherm parameters for the binding of TCH onto poly(IA)-(Fe–TiO2–PPy).
Langmuir Freundlich
Temp (◦C) Q◦ (mg/g) b (L/mg) R2 2 KF (mg1−1/n L1/n/g) 1/n R2 2
20 143.87 0.06 0.994 2.95 23.56 0.37 0.935 4.95
30  149.25 0.08 0.994 2.20 27.59 0.35 0.943 5.07
40  151.92 0.11 0.994 2.69 33.76 0.32 0.962 4.64
50  152.91 0.14 0.996 2.88 39.24 0.29 0.972 4.292.03 5.41 68.01 0.997 1.09
2.45 4.71 90.74 0.994 1.11
6.36 0.84 132.15 0.995 1.08
onto poly(IA)-PPy/Fe–TiO2 suggesting the endothermic nature of
adsorption. The thermodynamic parameters such as Gibbs free
energy change (G◦), enthalpy change (H◦) and entropy change
(S◦) has been calculated using Van’t Hoff equation, Eq. (13):
G◦ = H◦ − TS◦ (12)
lnKL =
So
R
− H
o
RT
(13)
where G◦ is the free energy change of speciﬁc adsorption (J/mol),
R is the gas constant (8.314 J/K mol), T is the absolute temperature
(K), KL (L/g) is an equilibrium constant obtained by multiplying the
Langmuir constants Q◦ and b, S◦ (J/mol K) and H◦ (kJ/mol) are the
standard entropy and enthalpy changes of adsorption respectively.
The plot of ln KL versus 1/T  (ﬁgure not shown) gives a straight line
from which H◦ and S◦ values were calculated from the slope
and intercept respectively.
The values of G◦ were found to be −5.30, −6.25, −7.20 and
−8.15 kJ/mol for TCH adsorption onto poly(IA)-(Fe-TiO2-PPy) at
293, 303, 313 and 323 K respectively, indicating the spontaneous
nature of adsorption. The increase in the negative G◦ indicates
that the adsorption is favourable at high temperatures. The H◦
value found for the adsorption of TCH was positive (22.52 kJ/mol)
due to the endothermic nature of the adsorption process. Positive
S◦ values (94.97 kJ/mol) reﬂected the randomness of the adsorbed
species (Nagah and Hanaﬁah, 2008).
3.5. Comparison with other adsorbents
The adsorption capacity of the prepared adsorbent-cum-
photocatalyst was  compared with other adsorbents reported in the
literature and the results are given in Table 3. By comparing the
qm value of various adsorbents (Ji et al., 2009; Wang et al., 2008;
Chang et al., 2009; Zhang et al., 2011) for tetracycline antibiotics,
poly-(IA)-(Fe–TiO2–PPy) was found to be better than most adsor-
bents referred in Table 3. Considering the difference in the physical
properties of adsorbents and experimental conditions, it is difﬁcult
to make a fair evaluation through the data listed, even though our
data still provide the useful information at least on the order of
magnitude (Yang et al., 2011).
3.6. Photocatalytic experiments
3.6.1. Effect of pH on photocatalytic degradation
The present photocatalyst belongs to the group of hydrogel due
to the presence of COOH groups on its surface. The transparency
of the hydrogel has profound inﬂuence on the photodegradation
process which is turn depends on the pH of the solution and degree
Table 3
Comparison of maximum adsorption capacity (qm) of various adsorbents for TCH.
Adsorbent qm (mg/g) Refs.
Multiwalled carbon nanotube 100 Ji et al. (2009)
Montmorillonite 84 Wang et al. (2008)
Palygorskite 99 Chang et al. (2009)
Fe3O4–rGO composites 95 Zhang et al. (2011)
poly-(IA)-(Fe–TiO2–PPy) 149.25 This work
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f swelling. As a result of swelling there is more chance for the
ontact between TCH molecule and the photocatalytic surface, and
lso easy penetration of sunlight onto the photocatalytic surface
hrough hydrogel network occurs. In the present system the degra-
ation experiments were done using pH solutions ranging from 2.0
o 12.0 (Fig. 8) and TCH solution of known concentration (0.050 g/L).
rom the ﬁgure, it is clear that as pH increases, degradation rate
ncreases. This can be explained on the basis of increased swelling
s a result of ionisable groups on the surface of photocatalyst. Here
aximum swelling is observed at pH 6.5. So obviously, maximum
hotodegradation was found at pH 6.5 (96.1%). As pH reached 6.5,
here occurs repulsion between similarly charged groups causing
epulsion, thus enhancing swelling rate. At acidic pH, the degra-
ation rate was found to be less which is in accordance with
he low swelling rate. As the pH increased beyond 6.5, swelling
ate decreased as a result of interference of Na+ ions, thus trans-
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Fig. 8. Effect of pH on degradation of TCH.–TiO2–PPy) at different temperatures.
parency of the hydrogel decreased, thereby photodegradation rate
also decreased. At still higher pH, the degradation rate was  found to
be decreasing in higher rate, due to decreased swelling rate and due
to competition between Na+ ions and TCH ions present in solution
for the vacant site created in the hydrogel after the degradation of
TCH molecules that is adsorbed on its surface.
To ﬁnd out the relation between the extent of adsorption and
photocatalytic reaction rate, experiments were carried out using
four different concentrations of TCH solution and the results are
summarized in Table 4. From the results, it is clear that, as the
percentage of adsorption increased, percentage of photodegrada-
tion also increases. Many researchers reported the degradation of
TCH by OH• radicals. The generated holes during photocatalysis
react with OH− or H2O, oxidizing them to OH• radicals which in
turn causes the decomposition of TCH molecules (Addamo et al.,
2005; Liu et al., 2009). According to Reyes et al. (Reyes et al., 2006),
the complete mineralization of TCH gives CO2, NH3 and H2O as
by-products according to the equation:
C22H24N2O4 + 45/2O2 →
TiO2/h	
22CO2 + 2NH3 + 9H2O (14)
According to Addamo et al. (2005) the initial stage of TiO2
assisted photocatalytic degradation of TCH occurs through pho-
todeamination and cleavage of ring structure. The hydroxyl radicals
cause the cleavage of aromatic ring structure and formation of CO2
through the formation of oxygenated aliphatic intermediates.
3.6.2. Effect of inorganic ions on the degradation rate
Inorganic ions play an important role in degradation process.
The test was carried out using 0.05 NaCl and CaCl2 solutions. The
degradation rate was found to be 99.1% (for 0.025 g/L of TCH solu-
tion) in the absence of inorganic ions. The degradation was  found
to be 53.75 and 42.80% in the presence of NaCl and CaCl2 solutions
respectively. The decreased degradation rate can be explained on
the basis of Ca2+, Na+ and Cl− ions that can combine with zwitter
ionic drug molecules present in the solutions, thereby inhibiting the
effective contact between the TCH species and photocatalytic sur-
face. Besides, Na+ and Ca2+ can combine with vacant sites created
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Table  4
Relationship between adsorption and photocatalytic reaction of TCH onto poly-(IA)-(Fe–TiO2–PPy).
Sl. no Concentration of TCH solution (mg/L) Amount of photocatalyst Percentage of adsorption Percentage of photodegradation
1 50 0.100 g 98.4 96.1
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the fourth cycle of reuse. The photocatalytic degradation capac-
ity was  reduced from 96.1 to 90.3% from ﬁrst to fourth cycle. The
results revealed that the photocatalyst is economical for practical
purposes.
0
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ln
 (C
/C
0)
pH                            : 6.5
Degradation time    : 150 min
TCH conce ntration : 0.500  g/L2  75 0.100 g
3  100 0.100 g 
4  150 0.100 g 
fter the degradation of drugs. The lower degradation rate due to
aCl2 compared to NaCl can be explained on the basis of its higher
ositive charge, small size, higher ability to shield negative charges
n the surface of photocatalyst.
.6.3. Mechanism of photodegradation
At ﬁrst due to swelling, transparency of the hydrogel increases
o that visible radiations from sunlight reach the photocatalytic sur-
ace to initiate the degradation reaction. When the visible radiation
alls on the surface of photocatalyst, the electrons of poly(IA)-
Fe–TiO2–PPy) can be exited from the highest occupied molecular
rbital (HOMO) to the lowest unoccupied molecular orbital (LUMO)
f PPy, thereafter these electrons are transferred to the conduction
and of Fe-TiO2,
olymer → (polymer)+/ + e−CB (15)
e−CB
)
+ O2 → O2
•− + (polymer) (16)
At the same time, electrons in the valence band of (Fe–TiO2)
an migrate to the HOMO of PPy to recombine with holes creating
oles in the valence band of Fe–TiO2. Thus the presence of pho-
ogenerated electrons and holes enhances the photodegradation
y reacting with electron acceptors such as O2 and reducing it to
uperoxide radical anion O2•− . Similarly holes react with H2O and
H− ions to produce OH• radical.
The so prepared OH• radical, superoxide radical anion, pho-
ogenerated holes and electrons selectively degrade, oxidize or
educe the drug molecules adsorbed on the surface of the adsor-
ent. Since OH• radical is a strong oxidizing agent with standard
edox potential +2.8 V, it can oxidize almost all TCH molecules to
eutralized end products.
CH + OH• + O2− → degradationproducts (17)
The presence of COOH functionality helps to anchor TCH
olecules on the surface of photocatalyst thereby facilitating pho-
odegradation rate.
.6.4. Photodegradation kinetics
The photocatalytic degradation of TCH on the prepared cata-
yst was studied. Experiments were also conducted using TiO2,
e–TiO2 and Fe–TiO2–PPy. Adsorption of TCH onto poly-(IA)-
Fe–TiO2–PPy), TiO2, Fe–TiO2 and Fe–TiO2–PPy were done in
ark for 180 min  followed by degradation experiments in direct
unlight. The concentration of TCH after adsorption was  mea-
ured using UV–vis spectrophotometer at 276 nm.  The percentage
ecomposition of TCH by TiO2, Fe–TiO2 and Fe–TiO2–PPy and poly-
IA)-(Fe–TiO2–PPy) after 150 min  was found to be 14.0, 50.17, 76.78
nd 90.35%, respectively. The absence of electron-hole acceptors
ithin TiO2 and poor sunlight absorption capacity is the reason
or low percentage decomposition of TCH by TiO2. The decompo-
ition rate of Fe–TiO2 was found to be higher than TiO2 due to its
irect contact with drug molecules and also due to the presence of
e2O3 species which can absorb sunlight compared to bare TiO2.
t was found that the degradation percentage was  very low for all
ther species except the ﬁnal polymer. Fe–TiO2 and Fe–TiO2–PPy
howed higher degradation rate when compared to TiO2. But the
olymer showed still higher degradation rate than Fe–TiO2 and
e–TiO2–PPy. This may  due to the presence of speciﬁc functional96.8 94.3
93.1 90.9
89.7 87.1
groups on the surface of the polymer that effectively bind with the
TCH molecules and can hold the molecules on its surface strongly
causing photodegradation rate.
For ﬁrst-order reaction, the integrated rate law can be repre-
sented as:
ln
C0
C
= kt (18)
where C0 and C are the concentration of TCH at t = 0 and at t = t
(min), respectively and ‘k’ is the reaction rate constant (min−1).
The half-life, the time required for a reaction to proceed half-
way to completion, is deﬁned by the expression as,
t12 =
ln2
k1
(19)
The plot of log (C0/C) versus time (Fig. 9) gives a straight line
passing through the origin, indicating the photocatalytic degrada-
tion of TCH is ﬁrst-order kinetics. The kinetic data plot gives good
straight line and the apparent ﬁrst-order rate constant ‘k’ was cal-
culated to be 0.014 min−1 from the slope with R2 greater than 0.99.
Corresponding half life time was found to be 49.5 min. Fe-doping,
PPy coating and hydrophilic functionalities added the advantages
of the prepared photocatalytic system.
3.7. Regeneration and recyclability of the adsorbent
For the economical treatment of antibiotic polluted stream, the
spend photocatalyst should be recovered and regenerated. The
present photocatalyst was tested for the same upto four cycles
using 0.050 g/L of TCH loaded poly-(IA)-(Fe–TiO2–PPy). The results
are plotted in Fig. 10. From the results it is clear that the regenerated
photocatalyst can be used effectively up to four cycles. Adsorp-
tion was  found to decrease from 99.1 on ﬁrst usage to 95.5% after0 40 80 12 0 16 0
Time (min)
Fig. 9. ln C0/C versus time graph.
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Fujishima, A., Zhang, X., Chim, C.R., 2005. Titanium dioxide photocatalysis: present
situation and, future approaches. 9, 750–760.. Conclusions
Novel adsorbent-cum-photocatalyst was prepared from Fe-
oped PPy coated TiO2 polymerized with IA through UV irradiation.
n the prepared photocatalyst, both Fe-doping and PPy coating
as changed the absorption maxima towards visible light region.
esides, introduction of surface functionality enables the material
or adsorbing TCH molecules effectively on its surface facilitating
igher photodegradation rate. Due to the presence of hydrophilic
oieties, the photocatalyst can behave as hydrogel, an important
roperty needed by a photocatalyst to show maximum degrada-
ion.
The prepared photocatalyst was characterized by means of SEM,
EM, FT-IR, XRD, and DRS techniques. All the techniques sup-
ort the successful formation of photocatalyst. Batch experiments
ere conducted to investigate the effect of optimum pH, adsor-
ent dose, effect of ionic strength and time on the adsorption of
CH onto the photocatalyst. From the experiments, it was found
hat optimum pH for adsorption process is 5.0 exploiting both
lectrostatic and H-bonding interaction between TCH molecules
nd the photocatalyst. Adsorption found to be decreased with
ncrease in the ionic strength. Langmuir isotherm model best ﬁt-
ed with isotherm data obtained suggesting monolayer coverage of
dsorption sites throughout the surface of photocatalyst. Pseudo-
econd-order kinetic model was found to be best ﬁt with the kinetic
ata suggesting ion-exchange followed by complexation.
Swelling experiments were carried out to investigate the effect
f pH and time on swelling, an important property of a hydrogel
o show photodegradation. Here swelling was found to be maxi-
um  at pH 6.5 and swelling percentage increased with time also.
imilarly, photodegradation process was carried out at different
H conditions and obtained maximum result at pH 6.5, which is
n accordance with the increased swelling percentage obtained at
his pH. Degradation kinetics was found to follow ﬁrst-order kinet-
cs. The value of ‘k’ was found to be 0.014 min−1 with half time of
9.5 min. The repeated use and regeneration ability of the catalyst
as tested up to four cycles. After each cycle, adsorption and degra-
ation were found to be decreased slightly. From the results of the
resent investigation, it can be concluded that the polymer is an
fﬁcient adsorbent-cum-photocatalyst for the successful removal
f TCH from aqueous solutions through photodegradation process. Monitoring & Management 4 (2015) 106–117
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